The relaxations in maleic anhydride grafted polypropylene (PPgMAH) and its nanocomposite based on organically modified layered silicates were investigated using dynamic mechanical thermal analysis and dielectric relaxation spectroscopy. The results of dynamic mechanical thermal analysis showed that the incorporation of clay in the polymer matrix resulted in two relaxations corresponding to the glass transition and a high temperature transition. In nanocomposites, the incorporation of clay resulted in reduction of the loss modulus peak area for the glass transition peak suggesting decreased content of mobile amorphous phase. An increase in the area of the high temperature transition was noted and associated with the presence of rigid amorphous phase. The dielectric measurements indicated presence of a relaxation at high frequency side for the PPgMAH whereas in nanocomposite two relaxations in the low frequency side were observed namely MWS relaxation or the interfacial polarization of the polymer and clay followed by α RAP relaxation due to relaxation of rigid amorphous phase. The presence of rigid amorphous phase was attributed to the strong bonding between the MAH groups of PPgMAH and the clay surface.
INTRODUCTION
Polymer layered silicate nanocomposites have shown great promise in technological sector since they offer significant enhancement in properties. The nanocomposites of polypropylene with organically modified layered silicates and functionalized polypropylene by melt intercalation technique are well known in the field of polymer nanotechnology [1] [2] [3] [4] [5] . These nanocomposites are also interesting from research point of view and many attempts have been made to explore the interaction of these clays with polymers using various preparation and characterization techniques [6] [7] [8] [9] [10] . As the clays are hydrophobic, major problem in developing these nanocomposites is of dispersing clay in non-polar polymers such as polypropylene (PP). As a result number of studies on clay modification and use of different compatibilizers have been reported [11] [12] [13] [14] [15] [16] . Depending on the state of dispersion of clay platelets in the polymer matrix, the nanocomposites can be classified as intercalated or exfoliated nanocomposites [17] . The intercalated clay-polymer nanocomposites have clay layers dispersed in a polymer matrix with larger inter gallery spacing associated with the insertion of polymer chains into the gallery. In some cases, nanocomposites exhibit exfoliated structure, wherein the silicate layers are completely delaminated and dispersed randomly in the polymer matrix. However in practice, most of the times a combination of intercalated and exfoliated structures is *Address correspondence to this author at the Polymer Science and Engineering Division, National Chemical Laboratory, Dr. Homi Bhabha road, Pune-411008. India; Tel: +91 20 25902176; Fax: +91 20 25902618; E-mail: jp.jog@ncl.res.in observed and the extent of intercalation or exfoliation depends on the polymer clay interaction and the processing conditions.
The reported literature on PP/clay nanocomposites is mostly on three phase system namely PP-compatibilizerclay. The dispersion of the clay and the properties of these nanocomposites mostly depend on the type, amount of the compatibilizer used and also the modification of clay. The interaction of the compatibilizer is well understood by studying two phase systems consisting of the compatibilizer and the clay. There have been few reports on the compatibilizer/clay systems [18] [19] [20] . However, the results are specific to the compatibilizer and the clay used in the study. Our earlier work on dynamics of polymer/clay nanocomposites have shown that the molecular dynamics of the polymer is significantly affected by the clay dispersion [21, 22] .
In this communication we present a study molecular dynamics of a two phase system comprising of a compatibilizer (Fusabond  M-613-05) and clay (Cloisite  20A) using dynamic mechanical thermal analysis and dielectric relaxation spectroscopy.
EXPERIMENTAL

Materials
Maleic anhydride grafted Polypropylene (PPgMAH); grade Fusabond  M-613-05 of MFR 49 g/10 min (MFR method =190ºC/10min) with 0.5-wt % maleic anhydride (MAH) obtained from DuPont Canada was used for the present investigation. Cloisite ® 20A (modified with, Dimethyl dehydrogenated tallow quaternary ammonium chloride) was supplied by Southern Clay Products, Texas, U.S.A.
Preparation of Nanocomposite
The organoclay Cloisite 20A and PPgMAH were dried at 100 º C for 24 hrs in a vacuum oven prior to compounding. Melt mixing of the samples was performed in an internal mixer (Thermo-Haake Polylab system, Rheomix 600, capacity 50 gms) equipped with two roller rotors. A dry batch containing PPgMAH & Cloisite 20A components were premixed before introduction into the internal mixer. The compounding was done under the following conditions: rotor speed 100 rpm, mixing time 5 min and mixer temperature 200 º C. The organoclay content in polymer matrix was 5 % by weight. For comparison, the base polymer (PPgMAH) without organoclay was also prepared by melt mixing under the same conditions.
Film samples with a thickness of 1 mm were prepared using a compression molding press and were further used for characterization. PPgMAH is highly hygroscopic material having tendency to absorb environmental moisture, which greatly affects its electrical properties [18] . Samples were therefore stored in desiccators prior to characterization.
Characterization Methods
Wide Angle X-Ray Diffraction (WAXD)
The intercalation of polymer in clay layers was confirmed by wide angled X-ray diffractometer (WAXD). The d 001 peak of the clay was monitored in the nanocomposites and the shift in the d-spacing in the nanocomposite was evaluated. WAXD patterns of the samples were recorded at room temperature using a Rigaku D/Max 2500 unit equipped with CuK α radiation in reflection mode with a wavelength of 0.154 nm. Spectra were obtained in the range 2θ = 2-12º with a step scanning rate of 4º min −1 . The basal spacing of the clay was estimated from peak in the XRD pattern using Bragg's law.
Differential Scanning Calorimetry (DSC)
The measurement of the degree of crystallinity of PPgMAH and its nanocomposite was carried out by using TA instrument, Q10, DSC (USA). Test was conducted by placing sample in sealed aluminum pan over a temperature range of -60 to 200 ο C. A controlled heating rate and cooling rate was maintained at 10 ο C/min. The tests were carried out in inert Nitrogen atmosphere. The melting point (T m ) and heat of fusion were determined from the heating scans. The percentage crystallinity (X c ) of PPgMAH and its nanocomposite (i.e. PPgMAH20A) was estimated from the heat of fusion (ΔΗ f ) using heating scan as follows:
Where ΔΗ 0 designated as the melting enthalpy of 100 % crystalline polypropylene [23] and φ Clay indicates the fraction of Cloisite 20 A in the nanocomposite.
Dynamic Mechanical Thermal Analysis (DMTA)
Dynamic mechanical properties of PPgMAH/Clay nanocomposites were measured using a Dynamical mechanical thermal analyzer, DMTA IV Rheometric scientific (Piscataway, NJ, USA) in single cantilever bending mode with a strain of 0.02%. Temperature range from -100 to 100 ºC and the heating rate of 5 ºC/min was used for the measurements. The test was performed at 1 Hz frequency. The size (length × width × thickness) of the test samples was 20 × 6 × 1mm 3 .
Dielectric Relaxation Spectroscopy (DRS)
Dielectric relaxation spectroscopy (DRS) measurements were performed on Novocontrol Alpha analyzer (Germany) in the frequency range of 10 -2 to 10 6 Hz and temperature range of 40 to 100 ºC in 10 ºC steps. The temperature was well controlled by Novotherm system with accuracy of 0.2 ºC. Dielectric measurements were carried out using goldcoated copper electrodes of diameter 20 mm. The sample of thickness 1 mm & diameter 25mm was used.
RESULTS & DISCUSSION
Long chain organic surfactant on organoclay sheets contribute to expand clay galleries during compounding process by allowing functional polymeric chains to enter the galleries and majority of functional macromolecular chain found to be in close environment of clay sheets. However, process of formation of intercalated or exfoliated structure is completely governed by the thermodynamics. Extent of intercalation or exfoliation governs the structure and morphology.
Structure & Morphology
The structure of the nanocomposite was studied using Xray diffraction. Fig. (1) illustrates the XRD scans of the organically modified clay Cloisite 20 A and its nanocomposite with PPgMAH. The clay exhibits a well defined d 001 diffraction peak with a d-spacing of 2.4 nm. In nanocomposite, a broad peak is observed at lower angle instead of a well defined peak confirming the intercalation of PPgMAH in clay layers. A broad peak with reduced intensity is observed in nanocomposite. The broadening of the peak with reduced intensity suggests good dispersion of clay layers with partially exfoliation in polymer matrix [24, 25] . 
Differential Scanning Calorimetry (DSC)
The crystallization and melting behavior of nanocomposite and its base polymer was studied using DSC. The melting temperature and the degree of crystallinity as determined from the heat of fusion are presented in Table 1 . The values of heat of fusion were normalized with respect to the polymer content. All the parameters showed marginal changes as a result of incorporation of clay in PPgMAH matrix. 
Dynamical Mechanical Spectroscopy
Dynamic mechanical thermal Analysis (DMTA) is an excellent tool to probe different transitions in polymers under influence of frequency and temperature. The storage modulus is related to the stiffness of the material and measures the elastic response of the polymer. The loss modulus denotes the energy dissipated by the system in the form of heat and measures the viscous response of the polymer material. The damping factor (tan δ) is ratio of loss modulus to storage modulus. In PPgMAH over the entire temperature range, two main mechanical relaxation processes are reported, namely high temp α c relaxation, related to the crystalline fraction present and a α process, related to the glassrubber transition relaxation [26] . In DMTA measurements, the transition from glassy to rubbery state is purely kinetic phenomenon and is governed by measuring time & applied frequency. In the present experiments the applied frequency was 1 Hz.
The relaxations in PPgMAH and PPgMAH /clay nanocomposites are depicted in Fig. (2) . In the loss modulus spectra of the base polymer, two well-defined relaxations are discernible and a broad peak is observed at low temperature. The peak at about 9 ºC corresponds to the glass transition temperature (α) of PP while the peak at about 72 ºC (α c ) is related to the relaxation of crystalline phase. The low temperature peak is attributed to the local motions in the amorphous phase. In nanocomposites, two peaks are discernible. The peak corresponding to the glass transition remains at about the same temperature with lower intensity. Since the area under the glass transition peak is proportional to the mobile amorphous phase, reduced area of the glass transition indicates a decrease in the mobile amorphous phase in nanocomposite. DSC results showed that the crystallinity of the nanocomposites is almost the same as the base polymer. This suggests equal amorphous content for the base polymer and the nanocomposite and as a result the loss modulus peak, which corresponds to mobile amorphous phase (α), should have remained unchanged. However, the lower value of area under the loss modulus peak indicates a lower mobile amorphous fraction in the nanocomposites. Thus the observed decrease in loss modulus value of nanocomposites compared to polymer reveals a decrease in content of mobile amorphous phase and presence of rigid amorphous phase (α RAP ) with reduced chain mobility [27] . The damping in polymeric materials is sensitive of segmental mobility of the polymer chain and in nanocomposites it is indicative of the interfacial interaction between the polymer and the filler as the chain mobility of the polymer close to the filler surface differs from that of the bulk polymer [28] . Strong interfacial interaction between the polymer and the filler tends to restrict the polymer mobility thereby reducing the damping. These results confirm the presence of strong interfacial interaction between clay and polymer, which leads to the formation of rigid amorphous phase. Fig. (2) . Plot of temperature dependencies of Loss modulus curves for PPgMAH and PPgMAH20A.
The crystalline peak (α c ) is found to be about the same temperature with a higher intensity and correspondingly larger area. As this peak corresponds to the relaxation of crystalline phase, and crystallinity values of base polymer and the nanocomposite are comparable, the increased area of this peak could be ascribed to the relaxation of rigid amorphous phase which takes place in the vicinity of the crystalline relaxation.
In summary, the dynamic mechanical analysis shows that the incorporation of clay results in decreased loss modulus values indicating reduced fraction of mobile amorphous phase. The results also confirmed the presence of a rigid amorphous phase, which displayed a relaxation at higher temperature than the glass transition temperature and in the vicinity of crystalline (α c ) relaxation.
Dielectric Relaxation Spectroscopy (DRS)
Dielectric relaxation spectroscopy has been widely used in polymer relaxation analysis and has the advantage over dynamic mechanical thermal analysis methods is, that it covers much wider frequency ranges. The dielectric relaxation spectroscopy (DRS) measures the response of electric dipoles to an oscillating electric field. The real and imaginary parts of the complex dielectric function are calculated. In the molten state, dipole moments on the amorphous polymer chains are free to move. Once crystals are formed, mobility of the dipoles is reduced and this phenomenon can be studied by reverse process of disturbing ordered structure and monitored as a shift in the relaxation frequency spectrum. Complementary structural information is needed to determine the size of crystals, their arrangement and perfection, and the overall degree of crystallinity. This study of polymers as a function of frequency and temperature can be used to elucidate the effects of intermolecular co-operative motions and hindered dielectric rotations [29, 30] . In case of polymer/clay nanocomposite, DRS is used to probe role of confined (intercalated) & exfoliated structure formed in nanocomposite apart from molecular rearrangement [28, [31] [32] [33] . Fig. (3) shows the room temperature dielectric loss spectra for base polymer (PPgMAH) and its nanocomposite (PPgMAH20A). As evident from the Fig. (3) only one relaxation is observed in these samples. For base polymer a high frequency relaxation is observed at about 4.86×10 2 Hz which can be ascribed to the sub-glass transition relaxation (β -relaxation) [34] , and is related to the presence of polar maleic anhydride groups present in the polymer [18] . The α transition corresponding to the glass transition is not detected for the base polymer. This observation is similar to those reported by Bohning et al. [18] . For the nanocomposite a low frequency relaxation at about 5.61×10 -2 Hz is noted. The low frequency relaxation observed in the nanocomposite can be assigned to the MWS type relaxation. In polymer clay nanocomposites, this additional process is observed at low frequency side of spectrum termed as interfacial polarization process due to the blocking of charge carriers at internal phase boundaries. Generally, such an interfacial polarization process is caused by blocking of charge carriers at internal surfaces or interfaces of different phases having different value of dielectric constant [21, 22] . Fig. (3) also illustrates that the sub-glass transition (β) relaxation associated with dipolar fluctuation of maleic anhydride groups is absent in the nanocomposite. This could be due to fact that functional groups bonded to organic content of silicate layers.
The temperature dependence of these two relaxations observed in base polymer and in the nanocomposite is studied and the results are presented in Figs. (4 and 5) . We can see that in the base polymer (Fig. 4) intensity of dielectric loss peak with temperature almost remains constant and the peak shifts to higher frequency side. The shape of curve also remains unchanged over entire temperature range. β relaxation appeared in amorphous domain of polymer is insensitive to morphological changes like crystallinity or other constrains [35] . In case of nanocomposite observed MWS relaxation however is found to be a broad and cover wide frequency range. This MWS relaxation is coupled with another relaxation at high temperature. Fig. (6) illustrates the MWS relaxation peak at 80 ºC. As can be seen, a shoulder at low frequency tail of the MWS relaxation is clearly visible. This data is further analyzed using Havriliak-Negami equation. Fig. (6) shows the Havriliak-Negami fit for the dielectric loss data at 80 ºC. It can be seen that the broad peak can be resolved into two peaks. The faster relaxation corresponds to the MWS relaxation while slower relaxation can be attributed to the relaxation of the constrained amorphous phase or the rigid amorphous phase (α RAP ), The broad nature of this peak represents a broad distribution of relaxation times. In case of clay nanocomposite, it can be visualized that the clay polymer interaction can result in different dynamics or relaxation times. The relaxation of rigid amorphous phase has been reported in many semi-crystalline polymers as well as nanocomposites [36, 37] . Fig. (7) represents the temperature dependence of frequency associated with peak maxima (f max = 1 / 2 πτ max ) of the various relaxation processes. Subglass transition process observed only in PPgMAH follows Arrhenius behavior with activation energy of 40.5 kJ/mole. The activation energy associated with interfacial relaxation also follows Arrhenius behavior with activation energy of 70 kJ/mole. It is speculated that rigid amorphous phase is clay dominated and these clay-polymer interface loosing integrity with timetemperature scale. This rigid amorphous phase associated transition, observed after 50ºC can be seen as Arrhenius behavior with activation energy of 45.9 kJ/mole. Thus the results of dielectric relaxation are consistent with the results of dynamical mechanical thermal analysis.
DISCUSSIONS
It is well known fact that relaxation mechanism substantially change with type and amount of maleic anhydride groups and their distribution on chain. Bohning et al. studied nanocomposites of PPgMAH (0.6 % MAH content) with two different grades of clay prepared by melt blending technique [18] . They have shown that only one relaxation corresponding to the β-relaxation could be observed in the dielectric relaxation and the activation energy for β -relaxation was 47.3kJ/mol. With increasing temperature the peak frequency shifted to lower values. It was also reported that the α -process corresponding to the segmental dynamics connected with the glass transition was not detected due to the low concentration of grafted MAH groups. In the present study, our observations of single relaxation (β-relaxation) and absence of α -relaxation are similar to those reported by Bohning et al.
Wang et al. have studied nanocomposites with different amount of clay prepared by melt blending technique and also by solution blending technique [19, 20] . They analyzed these nanocomposites using DMA and DRS techniques and observed two relaxations in dynamical mechanical analysis (DMA) and only a single high-temperature process in broadband dielectric measurements. The observed relaxation was attributed to the Maxwell-Wagner-Sillars (MWS) polarization. These observations are similar to our results.
CONCLUSIONS
In this work PPgMAH and its nanocomposite (PPgMAH20A) containing Cloisite 20A, were processed by melt intercalation techniques. The dynamic mechanical thermal analysis showed decrease in the mobile amorphous phase and presence of rigid amorphous phase as evidenced by the relaxation at high temperature. The results of dielectric spectroscopy showed a β relaxation in PPgMAH at room temperature ascribed to the molecular fluctuations of MAH groups and no peak corresponding to the glass transition temperature or α transition. In nanocomposite the β relaxation is not visible in the experimental window while a relaxation corresponding to interphase polarization (MWS relaxation) is observed. At higher temperatures an additional peak is observed as evidenced by the shoulder on the low frequency side of the MWS. This relaxation is attributed to the rigid amorphous phase, which arises due to restricted chain mobility of polymer chains at the clay surface.
ACKNOWLEDGEMENT
The author, Amol Ridhore wishes to acknowledge the Council of Scientific & Industrial Research, India for financial support through the CSIR fellowship. Fig. (7) . Dependency of frequency of maximum loss of different relaxation as a function of reciprocal temperature for PPgMAH and PPgMAH20A.
